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ABSTRACT

Thysanoessa macrura (Sars, 1883) is a small, albeit highly abundant, Southern Ocean euphausiid. 
It has been reported that T. macrura reproduces during late winter, with the reproductive cycle 
decoupled from periods of  high primary productivity in the highly seasonal Southern Ocean. 
Despite this uncommon reproductive strategy, there has been little work to describe this cycle 
and quantify the reproductive potential of  this species. Thysanoessa macrura collected from 
Antarctic waters during early September to early October 2007 were used to establish sexual 
developmental stages, for females and males, to provide a standard means for assessing the 
reproductive maturity of  this species. Seven sexual developmental stages were established for 
females based upon the organisation of  ovaries and their constituent oogonia and oocytes. 
Four sexual developmental stages were identified in males using secondary sexual characters. 
A large lipid deposit was identified in the carapace of  both sexes, reducing in size with pro-
gressive gonadal development, likely fuelling egg and sperm production. Egg-batch size was 
determined by direct ovarian counts and scaled allometrically with total wet weight. Predicted 
egg-batch size ranged from 34 to 746 eggs batch–1 for the range of  individual sizes studied 
(30.5–165.6 mg). Using the ratios of  the different oocytes remaining after the first-spawning 
event of  females, it was predicted that up to three egg batches can be produced by T. macrura 
in a single reproductive season. Consequently, the fecundity of  T. macrura is estimated at 60 to 
> 2200 eggs female-1 year-1. A model of  T. macrura reproductive cycle confirms a winter repro-
ductive period and further highlights the reproductive potential of  this small-size Southern 
Ocean euphausiid, providing the first estimates of  fecundity reported for this species.

Key Words: Antarctica, fecundity, krill, lipid deposits, oocytes, oogonia, plankton, sexual 
development

INTRODUCTION

Thysanoessa macrura (Sars, 1883) is an abundant, though poorly 
understood, Southern Ocean euphausiid. The latitudinal dis-
tribution of  T.  macrura is the widest of  the Antarctic species of  
euphausiids, extending from the Antarctic continent to north of  
the Sub-Antarctic front (Nordhausen, 1992; Haraldsson & Siegel, 
2014). Thysanoessa macrura is the first spawning euphausiid in the 
Southern Ocean, with reproduction thought to occur during 
late winter to early spring, before periods of  high productivity 
in surface waters (Makarov, 1979). This early spawning strategy 

is fuelled by the use of  wax esters deposited during heavy feed-
ing throughout the previous spring-summer, and it ensures that 
calyptopes, the first feeding larval stage, reach surface waters dur-
ing the onset of  periods of  high productivity in spring (Makarov, 
1979). The lipid content of  T.  macrura remains high during 
winter, indicating that stored lipids are used for reproduction ra-
ther than winter survival (Hagen & Kattner, 1998; Fäber-Lorda 
& Mayzaud, 2010). Conclusions of  a winter reproductive period 
are often extrapolated from the appearance of  larval stages, pre-
dominantly naupliar and calyptope stages, during early spring. 
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Because of  the large latitudinal distribution of  T. macrura, however, 
estimates of  spawning onset vary seasonally, ranging from mid-
winter to early spring (Makarov, 1979; Siegel, 1987; Haraldsson 
& Siegel, 2014). Direct observations of  females bearing spermato-
phores during mid-winter (June-July) and gravid females (August-
October) infer a reproductive period that spans the winter-spring 
transitional period in high latitude waters, suggesting that repro-
duction is decoupled from periods of  high primary productivity 
(Haraldsson & Siegel, 2014). A lack of  information regarding the 
sexual development of  adults (via oogenesis and spermatogenesis) 
in preparation for spawning limits the ability to fully describe and 
quantify this unusual reproductive cycle.

Sexual developmental staging of  females, based upon the 
physiological phase of  an individual, morphology of  gonads, and 
secondary sexual characters, has been developed for dominant 
euphausiid species, including the Antarctic krill Euphausia superba 
(Dana, 1850) and the northern krill Meganyctiphanes norvegica (Sars, 
1857) (Cuzin-Roudy & Amsler, 1991; Cuzin-Roudy & Buchholz, 
1999). The ovarian development of  euphausiids follows patterns 
exhibited by most crustaceans, with the maturation of  germ cells 
from oogonia to mature oocytes via gametogenesis and subsequent 
oogenesis (Cuzin-Roudy, 1991). The progressive development of  
these germ cells is punctuated by distinctive morphological differ-
ences that correspond to the physiological phase of  the sexually 
developing female. The use of  physiological phases in the estab-
lishment of  these sexual developmental stages provides a more 
detailed approach to understanding the reproductive ecology of  
euphausiids in contrast to early approaches that relied heavily 
upon the morphology and presence of  external secondary sexual 
characters including the thelycum in females and the ampullae 
and petasma of  males. Applications of  these developmental stages 
allow for detailed information regarding the rate of  sexual matu-
ration, timing of  spawning, and the effects of  environmental con-
ditions on regional variation in spawning seasons.

The reproductive period of  T. macrura, which encompasses the 
end of  winter, generally inhibits the ability to undertake direct 
egg counts to quantify batch size and egg production rates due to 
the relative inaccessibility of  the adult euphausiids. Consequently, 
there are no current estimates of  the reproductive potential of  
T.  macrura in the Southern Ocean and high Antarctic waters. 
Studies of  the population structure of  T.  macrura in the high 
Antarctic suggest that younger individuals (years 1–3) comprise the 
bulk of  the population, despite an estimated life span longer than 
five years (Haraldsson & Siegel, 2014). Given the high abundance 
of  T.  macrura and a population dominated by younger individu-
als, population turnover rates and recruitment for the species must 
be high. Determining the reproductive biology of  adults and their 
reproductive potential is critical to understanding the reproductive 
ecology of  this highly abundant Southern Ocean euphausiid.

This study provides descriptions of  sexual differentiation of  
T.  macrura and the sexual development of  males and females in 
preparation for reproduction. We establish sexual developmental 
stages of  T.  macrura using gonad morphology and maturation to 
provide a system for assessing the reproductive state of  individuals 
and populations. Through detailed analysis of  ovaries, we also pro-
vide the first estimate of  T. macrura fecundity from Antarctic waters.

METHODS

Thysanoessa macrura were collected during the winter-spring tran-
sitional period (9tSeptember to 11t October 2007) during the Sea 
Ice Physics and Ecosystem eXperiment (SIPEX) cruise in 2007, 
between 115°E 125°E and 62°S 66°S. Sampling was conducted 
using a rectangular midwater trawl (RMT8), with standard dou-
ble oblique tows from the surface to 200 m (Baker et  al., 1973). 
Specimens preserved in 4% formaldehyde were used to assess 
the sexual maturity of  males and females and establish sexual 

developmental stages (SDS) based upon gonad morphology and 
secondary sexual characters. Preserved females were also used to 
estimate potential fecundity based upon direct counts of  oocytes 
within fully developed ovaries.

Oocyte development

Maturation of  ovarian germ cells was assessed by dissecting whole 
ovaries from the carapace of  females. Females with obvious dif-
ferences in ovarian morphology, chiefly the relative volume of  
the carapace occupied, were chosen to assess the full spectrum 
of  the developmental stages of  germ cells. Germ cells within ova-
ries were examined using a modified ‘squash technique’ estab-
lished by Cuzin-Roudy & Amsler (1991). Upon dissection, the left 
posterior lobe was removed, placed on a glass slide, and gently 
compressed with a coverslip to disperse germ cells into a single 
layer. A weak concentration of  methylene blue (0.5%) was added 
to slides prior to squashing to enhance the contrast between the 
nucleus and cytoplasm of  oogonia and early oocyte stages to 
visualise the germinal zone of  ovaries. Germ-cell stages were 
determined from characters provided by histological analysis of  
M. norvegica and E. superba (Cuzin-Roudy & Amsler, 1991; Cuzin-
Roudy & Buchholz, 1999). Cell characteristics and appearance 
were recorded for the seven cell types identified in T. macrura. Due 
to the irregularity in the shapes of  oocytes within the ovary, total 
length was recorded as the longest axis of  the cell. Total cell area 
was also measured, with the nucleus:cytoplasm ratio for each cell 
type then calculated.

Sexual developmental stages

Female sexual developmental stages were determined by examining 
secondary sexual characters and gonad morphology. Ovaries were 
dissected from the carapace of  females and gross ovarian features 
recorded, including location within the carapace and abdomen. 
Ovaries were examined and the relative contributions of  develop-
ing oogonia and oocytes identified. Sexual maturation consists of  
seven stages (SDS 1–7) from sub-adults to adult females at the end 
of  their reproductive period (Table 1). Sexual developmental stages 
were determined based on the physiological phase identified by the 
dominant germ-cell types within the centre of  ovaries, along with 
the development of  the thelycum and attachment of  spermato-
phores. Sexual developmental stages of  males were established by 
examining the successive development of  external sexual charac-
ters, including the petasma and ampullae and the appearance of  
spermatophores in ejaculatory ducts (Table 2).

Egg-batch size and fecundity

Seventy-four females that were scored as sexual developmental 
stage 4 and 5 were used to assess potential egg-batch size based 
on ovarian oocyte counts. The total body length (BL), measured 
from the tip of  the rostrum to the base of  the sixth abdominal seg-
ment, and total wet weight (TWW) were recorded for each female. 
Ovary wet weight (OWW) was measured after the complete dis-
section from the carapace and first abdominal segment. The left 
posterior lobe of  the ovary was removed and weighed. The num-
ber of  pre-vitellogenic oocytes, types 1 and 2 oocytes (PVO), and 
mature, vitellogenic oocytes, types 3 and 4 oocytes (MO) were 
counted using the squash technique. The total number of  previtel-
logenic oocytes (NPVO) and mature oocytes (NMO) was then cal-
culated based upon the measured weights of  the left posterior lobe 
and the entire ovary, with their sum representing the total number 
of  developing oocytes (NOCT).

To determine the number of  egg batches females can potentially 
produce in a single spawning season, 15 females that had already 
undertaken a single spawn (SDS 6)  were selected. Morphometric 
measurements (BL, TWW, and OWW) were recorded and the left 
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posterior lobe of  the ovary assessed for oocyte types. Each oocyte 
type was counted (primary oocytes, oocyte types 1, 2, 3, and 4) and 
the total number of  each estimated for the entire ovary. The pro-
portion of  each oocyte type within the ovary was used as a proxy 
to determine the total number of  potential egg batches that could 
be produced by each female during the reproductive period. The 
fecundity of  females was then determined by the total number of  
eggs produced in each batch and the total number of  potential 
batches, defined as the total number of  eggs produced per year.

Allometric relationships for females using the morphologi-
cal characteristics BL, TWW, and OWW, and the oocyte counts 
NMO and NOCT were established using the allometric power 
function y = axb where the coefficient a represents the y-intercept 
and b determined from the slope using log-log transformed data. 
Model 1, ordinary least squares (OLS), and Model 2, reduced 
major axis (RMA) regression, were performed to determine the 
most appropriate relationship due to the underlying differences 
in the approaches of  both models (Cuzin-Roudy, 2000). Person’s 
coefficient of  determination (R2) and ANOVA F ratio from OLS 
regression were used to distinguish the allometric model with the 
highest predictive power of  fecundity estimation.

RESULTS

Mature T.  macrura were collected from surface waters during the 
winter-spring transitional sampling period (9 September to 11 

October 2007). Females were identified by the presence of  the 
thelycum on the sixth thoracic somite (Fig. 1A). The thelycum of  
reproductively active females is small, with each coxal plate meas-
uring approximately 500 µm in length. The thelycum is generally 
obstructed by the gills and is best observed by placing the individ-
ual with the ventral side up and parting the gills. Thelyca are not 
fully pigmented but are distinguishable by the presence of  small 
orange-red chromatophores distributed throughout the coxal 
plates (Fig. 1A).

Males are identifiable by the presence of  the petasma on the 
first pair of  pleopods (Fig. 1B). Although the presence of  ampul-
lae on the seventh thoracic somite is also a distinguishing feature 
of  mature males, the ampullae are often difficult to distinguish, 
especially in formalin-preserved individuals. The presence of  the 
highly structured petasma provides a more accurate and rapid 
assessment of  sex and, when fully developed, does not require 
the dissection of  the first pair of  pleopods. The absence of  either 
male or female secondary sexual characters indicates that the indi-
vidual is a juvenile.

Ovarian development and sexual developmental stages

The development of  ovaries from sub-adults to actively reproduc-
ing females was identified. The successive developmental phases 
of  ovarian morphology in preparation for spawning (gametogen-
esis, oogenesis, pre-vitellogenesis, and vitellogenesis) and corre-
sponding ovarian cells were identified (Fig.  2). A  full description 
of  the morphology of  each ovarian cell type in developing ovaries 
is provided in the Supplementary material Table S1. Seven sexual 
developmental stages (SDS) were established for female T. macrura 
based upon the physiological phase of  females, identified by the 
ovarian cells present, overall ovarian morphology, and secondary 
sexual characters (Table 1).

SDS 1 females possess small, undifferentiated ovaries located 
ventrally to the heart. Gametogenesis is evident in these females, 
with ovaries comprised predominately of  primary and secondary 
oogonia. Such oogonia are small (35 µm and 52 µm, respectively), 
nondescript cells with the nucleus occupying most of  the internal 
cellular space (Fig. 2 A., B). Staining increased the contrast of  nu-
clear material and allowed the differentiation of  the two oogonia 

Table 1. Female sexual developmental stages (SDS) from ovarian analysis in Thysanoessa macrura. Stages are based on the dominant ovarian cell type identi-
fied within the ovaries, corresponding to the major embryological phases of  the reproductive cycle.

SDS Embryological phase Ovary morphology Dominant ovarian cell type Secondary sexual characteristics

1 Gametogenesis Small, no lobe 

differentiation

Primary and secondary oogonia No thelycum present

2 Oogenesis Small with lobes 

differentiated

Primary oocytes Small, underdeveloped thelycum

3 Pre-vitellogenesis Large, lateral lobes small, 

posterior lobes reaching 

first abdominal segment

Type 1 oocytes Fully developed thelycum, may have 

spermatophores attached

4 Vitellogenesis Large, lateral lobes small, 

posterior lobes reaching 

mid of first abdominal 

segment

Type 2 and 3 oocytes Fully developed thelycum, 1, 2 sper-

matophores attached

5 Spawn-ready Large, lateral lobes elon-

gated, posterior lobes 

reaching base of first 

abdominal segment

Type 4 oocytes Fully developed thelycum, 1, 2 sper-

matophores attached

6 Post-first spawn Anterior lobes retracted, 

reaching halfway along 

the DG, posterior lobes 

thin

Residual type 4 oocytes Fully developed thelycum

7 Spent (oosorbtion) - - Fully developed thelycum

Table 2. Male sexual developmental stages (SDSM) of  Thysanoessa macrura 
based upon observable features of  secondary sexual characteristics and 
spermatophore production.

SDSM Secondary sexual characteristics

1 Petasma developing

2 Petasma fully developed and ampullae clearly visible

3 Ampullae and ejaculatory ducts empty of spermatophores, testes 

visible through the carapace

4 Spermatophores stored in ampullae or in the ejaculatory ducts
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cell types present. Primary oogonia were commonly found in 
various stages of  mitotic division (Fig.  2A), forming secondary 
oogonia. Secondary oogonia are slightly larger than primary 
oogonia and have a nucleus reticulated in appearance (Fig.  2B). 
SDS 1 females do not have an evident thelycum and are difficult 
to differentiate from sub-adult males without dissection.

The differentiation of  secondary oogonia into primary oocytes 
by oogenesis defines SDS 2 females (Fig.  2C). The nuclei of  the 
primary oocytes are large, but the overall cell size is much larger 
than that of  secondary oogonia, increasing from 52 µm to 117 µm 
(Supplementary material Table S1). Ovaries of  SDS 2 females are 
larger than those of  SDS 1 due to the increase in size and abun-
dance of  primary oocytes. Ovaries have clearly defined anterior 
and posterior lobes, with primary oocytes primarily occupying 
the centre of  each lobe. Ovaries are still relatively small in rela-
tion to the carapace cavity; however, they may be visible as a mass 
through the carapace of  preserved individuals, located below the 
heart. The thelycum is beginning to develop and is translucent, 
lacking distinctive differentiation of  the coxal and sternal plates 
seen in fully mature females.

Pre-vitellogenesis marks the transition of  primary oocytes 
into Type 1 oocytes seen in SDS 3 females (Fig.  2D). These 
oocytes are large (up to 212 µm), with a reduced nucleus, clear 
cytoplasm, and a nucleus:cytoplasm ratio of  approximately 
50% (Supplementary material Table S1). Ovaries of  SDS 3 
females are considerably larger than those of  earlier stages 
due to the increase in size of  Type 1 oocytes. Three distinct 
ovarian lobes are evident, with the anterior lobe extending 
forward to the mid-dorsal carapace region, the posterior lobes 
reaching the first abdominal segment and the lateral lobes dis-
tinct, albeit small (Fig.  3B). At this stage, ovaries are evident 
through the carapace of  females and appear as a golden mass 
in formaldehyde-preserved specimens. The thelycum is fully 
developed and may bear spermatophores in preparation for 
spawning (Fig. 4 A–C).

SDS 4 females are vitellogenic, with types 2 and 3 oocytes found 
within the middle regions of  the ovarian lobes. The accumula-
tion of  lipids becomes evident in Type 2 oocytes, which are large 
(approximately 300  µm), with the cytoplasm appearing cloudy 
and slightly granular (Fig. 2E). Lipid accumulation is very evident 
in Type 3 oocytes, in which the entire cytoplasm is comprised of  
lipid droplets (Fig.  2F). Type 3 oocytes are large (>400  µm) and 
have a clear nucleus present within the centre of  cells. Females 
are generally mated at this stage, with up to two spermatophores 
attached to the thelycum.

The development of  Type 4 oocytes typifies the transition to 
SDS 5, in which females are ready to spawn. Type 4 oocytes are 
large, larger than 500 µm, and have no visible nucleus (Fig. 2G). 
Ovaries reach their maximum extent, with the lateral lobes 
rounded and extending to the base of  the first abdominal seg-
ment. The large oocytes within the ovary are visible through the 
carapace (Fig. 3A). Attached spermatophores appear empty, with 
spermatozoa transferred from the spermatophore to the gonopo-
res of  females (Fig. 4D). After the first spawning event, the ovary 
retracts posteriorly, although it remains relatively large and robust 
(SDS 6) (Fig. 3C). Ovaries contain residual Type 4 oocytes within 
the centre of  ovarian lobes with primary oocytes, and types 1 and 
2 oocytes in the peripheries of  the lobes. Due to the timing of  
the cruise, females had not yet undertaken oosorption (SDS 7) and 
therefore this stage was not identified.

Male development

The development of  males was identified by the observable 
changes in external morphology (Fig.  5). Four sexual develop-
mental stages of  males (SDSM) were identified and correspond 
to the physical development of  males from sub-adults, which 
are difficult to differentiate from females of  a comparable de-
velopmental stage, to males actively producing spermatophores 
(Table  2). The development of  the petasma on the endopod 

Figure 1. Secondary sexual characters of  Thysanoessa macrura. Ventral view of  a fully developed thelycum with pigment spots visible throughout the coxal 
plates (CP) (A). Petasma of  a reproductive male on the first pleopod (B). AL, auxillary lobe; IL, inner lobe; LP, lateral process; ML, middle lobe; PP, proximal 
process; SL, setiferous lobe; TP, terminal process.
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of  the first pair of  pleopods, identified as a small, undifferenti-
ated lobe characterises SDSM 1.  The full development of  the 
petasma and clearly visible ampullae characterise SDSM 2, 
with the sexual copulatory and spermatophore-storage struc-
tures ready for mating. The full development of  the testes, which 
are clearly visible as a large golden mass within the carapace 

of  preserved individuals, marks the ability of  males to begin 
sperm production, although no spermatophores have yet been 
produced (SDSM 3). The production of  spermatophores defines 
the capacity to undertake mating and is characteristic of  SDSM 
4 (Fig.  5A). Because the production of  spermatozoa (sperm) 
(Fig.  4D) and consequently spermatophores is a continuous 

Figure 2. Female germ cell maturation phases in Thysanoessa macrura. Primary oogonia during late telophase, with nuclear material stained using 0.5% meth-
ylene blue (A). Secondary oogonia with large, reticulated nucleus stained with methylene blue (0.5% solution) (B). Primary oocytes (C). Pre-vitellogenic Type 
1 oocytes with large nuclei and transparent cytoplasm (D). Type 2 oocytes with granulated and cloudy cytoplasm during early vitellogenesis (E). Vitellogenic 
Type 3 oocyte. A relatively small nucleus is apparent in the centre of  cells, with the cytoplasm filled with lipid droplets (F). Mature Type 4 oocytes. No clear 
nucleus is visible, with the cells appearing golden-brown and filled with lipid granules (G).
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Figure 3. Ovary of  Thysanoessa macrura. Lateral view of  a spawn-ready female (SDS 5), with the dotted white line indicating the maximum extent of  the 
ovaries within the carapace and first abdominal segment (A). Ventral view of  an ovary dissected from a pre-vitellogenic female (SDS 3) indicating the three 
dominant regions of  the ovary; anterior lobe (AL), lateral lobe (LL), and posterior lobe (PL) (B). Lateral view of  a post first-spawn female with full spermato-
phores (sp) attached to the thelycum. The white dotted line indicates the extent of  the ovary, showing the ventral contraction after first spawn (C).

Figure 4. Spermatophore attachment in Thysanoessa macrura. Full spermatophore (A). Spermatophore (sp) attached to the gonopores of  the thelycum of  a 
female below the coxal plates (CP) (B). Dissected thelycum of  a female bearing spermatophores (sp), indicating the attachment of  the spermatophoral stalk 
within the gonopores of  females at the base of  the thelycum (C). Non-flagellated spermatozoa (spz) travelling from the ampullae (sac like structure) to the 
gonopore of  a female during fertilisation (D).
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process during reproductive periods, spermatophores are al-
ways identifiable within either the ampullae, ready for transfer to 
females, or the ejaculatory ducts as they transition to the ampul-
lae (Fig. 5B).

Lipid deposit

A large lipid deposit was identified within the carapace of  all sub-
adult and adult T.  macrura individuals. The lipid deposit fills the 
entire carapace cavity in non-reproductive individuals, extend-
ing from the rostrum to the base of  the first abdominal segment 
(Fig.  6A). In males and females that were reproductively active, 
the size of  this lipid deposit varied depending upon their rela-
tive sexual developmental stage. The lipid deposit was diminished 
and replaced with the enlarging ovary in females. By SDS 3, the 
lipid deposit was restricted to the free space within the anterior 
region of  the carapace (Fig.  6B). In females of  later stages, the 

lipid deposit is generally completely diminished or, if  present, it 
straddles the tip of  the anterior ovarian lobes as a thin film.

In males, the size of  the lipid deposit varied and did not dimin-
ish with sexual development. The lipid deposit occupied most of  
the free carapace space in all sexual developmental stages (Fig. 6C). 
In SDSM 4, the testes are encompassed by the lipid deposit. Only 
at this stage did the lipid deposit vary in size, likely relating to the 
time spent at this stage and therefore sperm production.

Egg-batch size, fecundity, and the reproductive cycle

Egg-batch size was estimated by examining the total number 
of  vitellogenic and mature oocytes in the ovaries of  74 females. 
There was a relatively small size range for females with mature 
ovaries (SDS 4 and 5): 13.2–25.7 mm (Table 3). OWW was posi-
tively correlated with BL, with OWW averaging 9% of  TWW. 
Allometric relationships were established for T.  macrura by OLS 

Figure 5. Thysanoessa macrura male. Lateral view of  the male with testes visible through the carapace and spermatophores stored in the ampullae (A). Ventral 
view of  a pair of  spermatophores (sp) stored in the ampullae (B).

Figure 6. Lipid deposit in Thysanoessa macrura. Maximum extent of  the lipid deposit (tip of  the rostrum to the first abdominal segment) in a non-reproduc-
tively active female, saddling the digestive gland (DG) and sitting below the heart (H), with its extent indicated by the white dashed line (A). Cross-section of  
a pre-vitellogenic sexual developmental stages (SDS) (SDS 3) female with the lipid deposit retracted to the anterior region of  the carapace cavity as indicated 
by the white dashed line, directly adjacent to the anterior lobes of  the developing ovary (ov) (B). Cross-section of  a reproductively active male showing the 
testes embedded within the lipid deposit (indicated by the white dashed line) with spermatophores (sp) stored within the ampullae (C).
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and RMA regression analysis using log-log transformed data 
(Table  4). Significant correlations were found for all allometric 
relationships of  female morphology, with a relatively high degree 
of  variance explained using OLS regressions; TWW/BL (82%), 
OWW/BL (34%), and OWW/TWW (44%), with all relation-
ships allometric. Significant correlations between egg-batch size 
(NMO) and OWW, BL, and TWW of  females were described 
using OLS, with TWW best describing the variance of  NMO at 
20% (Table 4). NPVO increased positively with OWW, indicating 
that larger females not only have larger egg batches but also larger 
stocks of  previtellogenic oocytes, suggesting the capacity to pro-
duce multiple egg batches in a single reproductive period.

RMA regression provided better estimates of  egg-batch size 
than OLS when the allometric relationships were applied. Egg-
batch size estimates, based on the RMA and TWW, ranged 
34–746 eggs batch-1, closely matching the observed range of  
20–747 eggs batch-1. A  comparison of  the mean predicted egg-
batch size of  139 eggs batch-1 and the observed mean of  150 eggs 

batch-1 highlights the skew in the data obtained, with few larger 
females in the present study (Fig. 7).

Post first-spawn females (SDS 6) were used to assess the poten-
tial for the production of  multiple egg batches in a reproductive 
season. Very few SDS 6 females were present throughout the 
sampling region, with only 15 individuals identified. Despite the 
retracted ovary, females generally had a large number of  previ-
tellogenic oocytes (Table  3). Residual types 3 and 4 oocytes were 
often present in relatively low numbers and were likely representa-
tive of  partial spawns not yet released. Primary oocytes and Type 
1 oocytes were present in approximately equal proportions, with 
the number of  Type 2 oocytes slightly lower and indicating up 
to two additional egg batches developing. Types 1 and 2 oocytes 
would likely form the next batch of  eggs to be released, with the 
large number of  primary oocytes indicating a potential third batch. 
The smallest females identified as reproductively active, those  
< 15 mm, generally had extremely low numbers of  previtellogenic 
oocytes (Table  3), indicating that the ability to incubate multiple 

Table 3. Morphological characteristics of  female Thysanoessa macrura and estimates of  egg-batch size (NMO) by ovarian cell counts of  sexual develop-
mental stages (SDS) 4 and 5. For SDS 5 and 6, number of  previtellogenic oocytes (NPVO) includes types 1 and 2 oocytes, NMO is the sum of  types 3 and 4 
oocytes. All oocyte stages were counted individually for SDS 6 females to determine the number of  potential egg batches produced during the reproductive 
cycle; N, number of  females included in the analysis; SE, standard error; 0 values were omitted from calculations of  mean if  oocyte category was absent.

N Range Mean SE

Vitellogenic and spawn-ready females (SDS 4 and 5)

Total length (TL), mm 74 13.2–25.7 17.6 0.24

Total wet weight (TWW), mg 74 30.5–165.6 64.4 2.78

Ovary wet weight (OWW), mg 74 1.2–12 5.8 0.27

Number of previtellogenic oocytes (NPVO) 74 0–1175 263 22.5

Number of mature oocytes (NMO) 74 20–747 150 11.7

Post first-spawn females (SDS 6)

Total length (TL), mm 15 14.4–19.3 16.7 0.46

Total wet weight (TWW), mg 15 37.4–83.3 57 3.87

Ovary wet weight (OWW), mg 15 1–12.4 3.7 0.45

Number of primary oocytes 15 18–370 152 28.39

Number of type 1 oocytes 15 32–419 149 24.63

Number of type 2 oocytes 15 17–247 79 17.98

Number of type 3 oocytes 15 0–36 5 3.59

Number of type 4 oocytes 15 0–12 2 1.00

Table 4. Allometric relationships (y = axb) using total length (TL), total wet weight (TWW), ovary wet weight (OWW), mature oocytes (NMO), and the 
total number of  developing oocytes within the ovary (NOCT) in vitellogenic and sexual developmental stages (SDS) of  spawn-ready females (SDS 5 and 
SDS 6). The R2 and ANOVA F ratio (F) are provided for the log-log OLS linear regression (model 1). The coefficient a represents the y-intercept and b the 
coefficient of  regression, determined from the slop using log-log transformed data and is provided for both OLS and RMA (model 2) regression. Based upon 
the allometric relationships, the range of  the predicted egg batch size and its mean is calculated for both OLS and RMA estimated coefficients of  regression; 
N, number of  individuals included in each analysis.

Allometric  
relationship  
(y/x)

N Model 1 (OLS) Model 2 (RMA)

a b b SE R2 F P Predicted egg 
batch size  
(range)

Mean a b Predicted  
Batch size 
(range)

Mean

TWW/BL 73 0.022 2.77 0.14 0.816 305.5 < 0.005 0.00871 3.09

OWW/BL 73 0.005234 2.43 0.37 0.34 36.70 < 0.005 0.000118 3.754

OWW/TWW 73 0.135 0.898 0.113 0.44 56.15 < 0.005 0.0359 1.22

NPVO/OWW 70 7.78 1.81 0.3 0.33 35.47 < 0.005 10–699 170 0.789 3.179 1.4 – 2127 178

NMO/OWW 73 43.85 0.608 0.151 0.19 16.32 < 0.005 49– 199 124 6.934 1.712 9 – 488 77

NMO/BL 73 0.115 2.439 0.5812 0.17 14.97 < 0.005 62–316 125 0.000005 5.92 23 – 1,111 118

NMO/TWW 73 4.217 0.822 0.193 0.2 23.57 < 0.005 70–382 129 0.0833 1.781 34 – 746 139

NOCT/OWW 70 70.469 0.9093 0.158 0.318 33.17 < 0.005 83–675 332 24.774 1.534 33 – 1121 339

NOCT/BL 70 0.0265 3.294 0.6915 0.242 22.69 < 0.005 130–1168 336 0.00006 5.449 72 – 2890 367

NOCT/TWW 70 1.977 1.245 0.212 0.327 34.50 < 0.005 139–1145 353 0.204 1.802 96 – 2034 371
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Figure 7. Relationships between the number of  mature oocytes (NMO) used to estimate egg-batch size within the ovaries of  vitellogenic and spawn-ready 
female T. macrura and morphometric predictors on a log-log scale. Model 1, ordinary least squares (OLS) regression is indicated by the dashed line and 
model 2, reduced major axis (RMA) relationships are represented by the solid line (N=73). NMO (L NMO) and ovarian wet weight (L OWW) relationship, 
R2 = 0.19 (A). NMO and total body length (L BL), R2 = 0.107 (B). NMO and total wet weight (L TWW), R2 = 0.2 (C).
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batches is size dependent. Based on the estimates of  a mean-size 
female weighing 64.4 mg (equivalent to 17.6 mm) and the ability 
to produce up to three egg batches, the potential mean fecundity 
of  T. macrura is estimated at 420 eggs female-1 year-1. > 2200 eggs 
female-1 year-1 for the largest individuals identified in our study.

The sexual development of  males and females and the produc-
tion of  egg batches is illustrated in Figure 8. The seasonal cycle of  
sexual development of  females and males during egg production, 
and the utilisation of  the large lipid deposit in the carapace of  
individuals of  both sexes begins in late September-early October. 
Maturing sub-adult females first develop via gametogenesis and 
oogenesis (SDS 1 and 2)  prior to the spawning period, whilst 
+2-year adult females begin the egg production cycle at SDS 3, 
with females producing up to three egg batches in a single repro-
ductive period. Male development progresses linearly, with males 
fully developed (SDSM 4) and having stored spermatophores and 
ready for mating prior to females reaching SDS 3.  As +2-year 
males retain fully developed secondary sexual characters at the 
end of  the spawning period, and therefore regress to SDSM 2, 
sub-adult males first develop through SDSM 1 and 2 prior to 
the reproductive period. The lipid deposit is heavily depleted in 
females and males during reproduction, fuelling egg and sperm 
production whilst allowing for the growth of  the developing ovary 
in adult females.

DISCUSSION

The patterns in ovarian development and organisation of  devel-
oping oogonia and oocytes provide valuable insights into the 
reproductive strategies of  T.  macrura and confirm the presence 
of  a winter-spring spawning period. The establishment of  sexual 

developmental stages based upon underlying variations in gonad 
morphology during periods of  reproductive activity provide 
a means of  consistent and detailed analysis of  a population’s 
reproductive state. The cellular organisation and development of  
female ovaries examined in T.  macrura are consistent with those 
reported for E.  superba and M.  norvegica (Cuzin-Roudy & Amsler, 
1991; Cuzin-Roudy & Buchholz, 1999). The development of  
oocytes in the ovaries of  Thysanoessa longicaudata (Krøyer, 1846), 
T.  inermis (Krøyer, 1846), and T.  raschi (Sars, 1864) has previously 
been used to map the development of  ovaries, as females prepare 
for spawning based upon the relative size of  developing oocytes 
(Mauchline, 1968; Dalpadado & Skjoldal, 1991). Whilst the five 
stages of  development previously established closely resemble 
those described in our study, they are based upon the increase in 
size of  maturing oocytes and the relative volume of  the nucleus 
and not the physiological phase of  development. Despite the 
overlap between the stages established by Mauchline (1968) for 
Thysanoessa spp., the presence of  oogonia filled ovaries in sub-adult 
females (gametogenesis SDS 1)  is unaccounted for. Furthermore, 
the use of  these arbitrary stages of  ovarian development do not 
include the potential for multiple spawning events within a single 
reproductive period (Kulka & Corey, 1978; Dalpadado & Skjoldal, 
1991). Observations of  ovarian re-organisation after a single 
spawning event in E.  superba and M.  norvegica demonstrate the 
ability of  euphausiids to incubate multiple egg batches in a sin-
gle reproductive period (Cuzin-Roudy, 2000). Developing sexual 
developmental stages based upon the cellular structure of  ovaries 
and corresponding physiological phases of  reproduction has dem-
onstrated a similar pattern in reproductive strategies of  T. macrura 
in the present study.

Developing oocytes within the ovaries of  T.  macrura are con-
siderably larger than comparable oocyte stages in the Northern 

Figure 8. Seasonal cycle of  sexual development and lipid content of  male and female Thysanoessa macrura in Antarctic waters. Female sexual development 
is conceptualised by successional sexual developmental stages (SDS), with the reproductive season beginning with pre-vitellogenic females (SDS 3). Sub-adult 
females complete SDS 1 and 2 prior to commencing egg development, whereas females +2 years beginning the cyclic process of  egg-batch development 
at SDS 3 (indicated by the dashed line). The cyclical process of  egg-batch development (SDS 4–6) occurs in late September with up to three egg batches 
produced in a reproductive period. Sexual development stages of  males (SDSM) progress linearly, with SDSM 2 indicating males are ready to partake in 
copulation and reproduction, with fully developed secondary sexual characters (SSC). Males more than two years therefore begin the reproductive period at 
SDSM 3, with sub-adult males and males +2 years reproductively ready (SDSM 4) prior to the production of  egg batches by females, with spermatophores 
stored for copulation. Due to the seasonal regression of  testes, males remain at SDSM 2 during the non-reproductive period (indicated by the dashed line). 
During the cycle of  mating and egg production (late September to early October), the lipid deposit stored in the carapace rapidly decreases from occupying 
the total available space, fuelling egg and sperm production, whilst also allowing the development of  ovaries and testes within the carapace of  females and 
males, respectively.
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Hemisphere species of  Thysanoessa (Mauchline, 1968; Kulka & 
Corey, 1978). Analysis of  ovaries from our study show that the 
most mature oocytes (Type 4)  are up to 0.6  mm in diameter, 
almost double the 0.27–0.36 mm size range reported from stud-
ies for the congeners T.  inermis and T.  raschi (Mauchline, 1968). 
Furthermore, the size of  developing oocytes of  T.  macrura are 
equivalent in size to the larger Antarctic species, E. superba, despite 
T. macrura being only approximately half  the total body length of  
E.  superba (Cuzin-Roudy & Amsler, 1991). This disparity in the 
size of  oocytes with Northern Hemisphere congeners suggests 
a relatively large maternal contribution to developing eggs from 
T. macrura, with the nauplii of  T. macrura and E. superba of  compa-
rable size (Kirkwood, 1982). The potential fecundity of  T. macrura 
reflects this disparity, with T. macrura producing a small egg-batch 
size when compared to the larger Antarctic species E.  superba, 
chiefly due to mature oocytes occupying a large proportion of  
ovarian space in T. macrura. Although ovarian counts likely overes-
timate the potential egg-batch size, an average of  150 eggs batch–1 
is comparable to estimates of  egg production rates based on bottle 
incubations for T. inermis (Mauchline, 1968; Pinchuk & Hopcroft, 
2006). The presence of  residual mature oocytes in post first-spawn 
females (SDS 6) indicates that developing egg batches are released 
in small periodic spawning events, a phenomenon that is com-
monly reported for euphausiids (Siegel, 2000). When establishing 
allometric relationships to predict egg-batch size based upon the 
morphometrics of  the wet weight of  ovaries, total body length, 
and total wet weight of  T.  macrura in this study, these variables 
were only able to account for 17–20% of  the size of  egg batches. 
Such a result likely reflects the condition of  females prior to the 
onset of  the spawning season, with the condition of  their lipid 
deposit influencing ovarian development and oocyte maturation 
in preparation for spawning. Despite this, egg-batch size was best 
described by an allometric relationship with total wet weight for 
T. macrura, with strong agreement between predicted and recorded 
egg-batch sizes. The average length of  T. macrura in this study was 
17.6 mm, considerably smaller than the maximum size of  40 mm 
reported in a previous study (Haraldsson & Siegel, 2014). The 
size range of  females present probably reflects a young popula-
tion comprised of  first- and second-year individuals (Haraldsson & 
Siegel, 2014). Despite this, the smallest individual (13 mm), which 
had fully developed ovaries, is an indication that females can be 
reproductively active at the age of  one year; however, egg-batch 
estimates of  these females were low, at only 20 eggs batch-1 com-
pared to 747 eggs batch-1 for the largest female (25.7 mm).

Ovarian organisation after the first spawning event of  T. macrura 
indicates the potential for up to two additional egg batches devel-
oping as primary oocytes and types 1 and 2 oocytes. The large 
lipid reserve of  T.  macrura is responsible for the winter-spring 
breeding period prior to an increase in oceanic productivity seen 
in spring. The presence of  the large lipid deposit and its steady 
decline during ovarian development reflect the use of  these 
reserves to fuel reproduction and support the development of  suc-
cessive egg batches during the spawning period. Analysis of  the 
seasonal total lipid content of  T. macrura shows these females fall-
ing to their lowest during winter-spring (Hagen & Kattner, 1998). 
The use of  these large lipid reserves has previously been reported 
in T.  inermis as a reservoir to initiate gonad maturation and an 
overwintering reserve (Buchholz et  al., 2010). Whilst T.  inermis 
requires periods of  intense feeding to continue gonad develop-
ment and spawning, it appears that the role of  this lipid deposit in 
T. macrura is functionally different, and is used predominantly for 
reproduction by males and females. The ability to produce up to 
three egg batches in a reproductive period provides an estimate of  
420 eggs female-1 year-1 for a mean-size female in this study; how-
ever, larger females can produce more than 2,200 eggs year-1, con-
siderably more than estimates for T. inermis, which release only one 
egg batch per year (Pinchuk & Hopcroft, 2006). The small size 
range of  females we captured restricts our estimates of  maximum 

fecundity of  T.  macrura. Using the largest T.  macrura recorded by 
Haraldsson & Siegel (2014) at 40  mm body length, equating to 
600  mg (total wet weight) by applying the allometric relation-
ships established in this study, a maximum fecundity of  more than 
22,000 eggs year-1 is predicted. This estimate therefore suggests 
a comparable fecundity to the largest age classes of  E.  superba 
(Cuzin-Roudy, 2000).

This study demonstrates the use of  gonad analysis in assess-
ing and describing the reproductive pattern of  the little-known 
T.  macrura in the Southern Ocean. The cycle of  ovarian devel-
opment is consistent with the well-documented Antarctic species 
E. superba, with the timing of  physiological changes in males and 
females in preparation for reproduction supporting a winter-
spring spawning period for T. macrura. The establishment of  sexual 
developmental stages of  males and females provides a means for 
consistently evaluating the reproductive status of  populations. 
We show that egg-batch size scales allometrically with total wet 
weight, with the potential for up to three successive egg batches 
developed during a single spawning season, providing fecundity 
estimates much greater than the Northern Hemisphere congener 
T.  inermis. These primary estimates of  the fecundity of  T. macrura 
fecundity are restricted to the small-size range of  adults in the 
population studied and require further investigations to fully assess 
the reproductive potential of  this small euphausiid.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of  Crustacean Biology 
online.

S1 Table. Reproductive cells identified in the developing ovaries 
of  Thysanoessa macrura.
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